Background. Peripheral nerve injury leads to changes in neuronal activity in the contralateral and ipsilateral primary somatosensory cortices (S1), which may lead to enduring sensory dysfunction and pain. Plasticity in the barrel and visual cortices has been shown to occur in a layer-specific manner. However, little is known about the layer specific changes associated with limb injury. Objective. To determine the layer-specific changes in neuronal activity associated with shortterm plasticity induced by peripheral nerve injury in the rat. Methods. In vivo electrophysiology recordings (multiunit activity and local field potential) and high-resolution functional magnetic resonance imaging techniques were applied to characterize neuronal and hemodynamic responses across the depth of S1 contralateral and ipsilateral to the injury. Results. Within 60 minutes following injury, atypical increases in neuronal and hemodynamic responses in the deprived S1, ipsilateral to the noninjured limb, were observed in response to stimulation of the noninjured limb. The most prominent increases in neuronal activity in the deprived S1 occurred in layer V. Conclusion. Layer V neurons provide the major output of S1 and they send and receive transcallosal input. Thus, the immediate changes in neuronal firing patterns in layer V induced by the injury, can adversely affect the activity of subcortical regions and also interfere with normal cortical processing and interhemispheric communication. Therefore, a rehabilitation strategy that targets layer V neurons activity and starts immediately after the injury may benefit the functional outcome.
Introduction
Peripheral nerve injury leads to significant changes in cortical and subcortical neuronal activity. [1] [2] [3] [4] Plasticity of central neuronal connections may be adaptive as this plasticity can compensate, if incompletely for the lack of peripheral sensory input. However, this plasticity may be maladaptive by potentiating neuropathic pain and dystonia. 5, 6 For example, about 80% of amputees in the United States suffer from phantom limb pain likely created by changes in cortical neuronal function. 7, 8 Plasticity in the primary somatosensory cortex (S1) associated with nerve injury was demonstrated to be composed of at least 2 time-dependent components: an extensive effect occurring rapidly (within minutes and hours) following denervation, which is usually attributed to modification of existing connections that are not normally functional, [9] [10] [11] and a slower component emerging over days to weeks, which is thought to depend on the growth of new connections. 1, [12] [13] [14] [15] Currently, there is no clear distinction between the transitions from short-to the long-term neuronal mechanisms that lead to neuronal changes following peripheral nerve injury.
In addition, little is known about the layer-specific changes associated with peripheral nerve injury in the limb. Plasticity in the barrel and visual cortices after sensory deprivation has been shown to take place in a layer specific manner. [16] [17] [18] For example, removal of the rat's whiskers during the critical period leads to changes in synaptic transmission and plasticity in layers II/III and IV, pointing out that cortical reorganization has specific layer dependence. The plasticity mechanisms that are involved following limb injury may alter layer communication, interhemispheric communication and subcortical activity and could affect recovery. Synaptic modifications, levels of neurotransmitters and receptor synthesis, and neuronal architecture changes could all be involved in cortical reorganization, and hence, play a key role in the behavioral outcome for such processes, 15, 19, 20 be they adaptive or maladaptive (eg, patients with peripheral nerve injury often develop significant pain). 21 We suggest that identifying the anatomical location and the population of neurons that are primarily affected by the peripheral nerve injury, as well as the temporal dynamics of the changes in neuronal activity induced by the injury, are likely to shed light on developing appropriate neurorehabilitation strategies.
Recently, transcallosal inhibition mediated by cortical layer V was shown to play a pivotal role in maintaining intercortical communication and mediating cortical rivalry between the 2 hemispheres in healthy rats. 22 In denervated rats, we previously demonstrated that in the weeks following the injury, stimulation of the noninjured limb resulted in increased neuronal responses in both healthy (contralateral to the noninjured limb) and deprived (ipsilateral to the noninjured limb) S1. Specifically, infragranular inhibitory interneurons had increased responses in the deprived S1. 23 Ablation of the healthy S1 eliminated the neuronal activity in the deprived S1, suggesting that interhemispheric communication is involved in mediating these neuronal responses. 4 Moreover, when we decreased transcallosal communication in denervated rats by optogenetics tools, we observed an immediate increase in excitatory neuronal function and functional magnetic resonance imaging (fMRI) responses in the infragranular layers of the deprived S1. 24 Thus, it appears that long-term cortical plasticity mechanisms following peripheral nerve injury take place in the infragranular layers and rely heavily on transcallosal communication.
It is not clear whether modifications in the firing patterns of neurons located in the infragranular layers, which appear to be at least partly mediated by the transcallosal pathway, occur immediately following the injury or evolve with time. It will be useful to determine the temporal dynamics of the layer specific modifications associated with injury as some rehabilitation strategies such as constraint-induced therapy, 25 transcranial magnetic stimulation 26, 27 and nerve blocking 28 aim to target the transcallosal pathway.
Here we applied in vivo electrophysiology recording and fMRI techniques to identify the layer-specific changes induced immediately after the injury onset. Our results demonstrate that within 60 minutes of forepaw denervation, significant increases in neuronal activity and fMRI responses are observed in layer V of the deprived S1. These results suggest that rehabilitation strategies that target layer V neurons may be particularly useful in maximizing the functional outcome.
Methods
All animal procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Johns Hopkins University Animal Care and Use Committee. Twelve Sprague-Dawley rats (250 g) underwent right forepaw denervation. This surgery was immediately followed by in vivo electrophysiology (n = 7) and fMRI (n = 5) measurements. Twelve additional rats served as controls. The experimental design is illustrated in Figure 1 . Denervation procedures were performed on the right forepaw. Electrophysiology recordings were obtained from the primary somatosensory cortex (S1) forepaw (FP) representations ipsilateral to the noninjured forepaw (deprived S1) and contralateral to the noninjured FP (healthy S1).
Forepaw Denervation
An excision of the right forepaw radial, median, and ulnar nerves 4 was carried out under 2% isoflurane anesthesia administrated via a nose cone. In the rat, these nerves contain sensory and motor fibers; thus severing them removed both efferent and afferent components. Measurements of neuronal responses to noninjured forepaw tactile stimulation in the healthy and the deprived S1 began 60 minutes following the forepaw denervation surgery. This time frame ensured that the effect the isoflurane anesthetic has on neuronal activity was largely diminished.
Craniotomy
Craniotomies above the right and the left S1 were performed on isoflurane-anesthetized rats prior to the forepaw denervation surgery. The rat's head was secured in a sterotaxic frame (Kopf Instruments, Tujunga, CA) positioned under a binocular microscope. A 1-inch long incision along the midline was made and the skull was exposed. Using a pneumatic drill, a 2-mm region of the skull centered at anteroposterior 0 mm, medial-lateral ±3.6 mm was removed. Dura was carefully removed before inserting the recording electrode into the cortex.
Forepaw Stimulation
Two needle electrodes were inserted into the left (noninjured) forepaw: one between digits 1 and 2, and the other between digits 3 and 4. Electrical stimulation was delivered using a stimulator (World Precision Instruments, Sarasota, FL) with current amplitude at 3 mA, pulse width at 300 µs, and stimulus repeated at 3 Hz for 10 s (electrophysiology) and 20 s (fMRI).
Electrophysiology
After craniotomy and denervation procedures, a bolus of dexmedetomidine (0.05 mg/kg subcutaneous), was delivered and was followed by continuous subcutaneous administration (0.1 mg/kg). An axial array microelectrode (FHC, Bowdoin, ME) with 12 sites spaced at 150 µm along the shank (diameter = 200 µm) was placed above the center of the right and left S1 forepaw representation (according to Paxinos and Watson 29 ). The electrode was slowly inserted into the cortex until reaching the depth of 1800 µm below pia matter to cover the whole depth of the rat cortex (starting at 150 µm). Stimulation of the contralateral forepaw was initially performed to confirm large amplitude of the stimulation evoked responses and hence accurate location of the recording electrode. Multiunit activity (MUA) and local field potential (LFP) were sampled at 11 kHz and 1 kHz, respectively, and band-pass filtered between 500 Hz to 5 kHz and 0.1 to 500 Hz, respectively. Discriminated signals were collected with a CED interface and Spike2 data acquisition and analysis software (Cambridge Electronic Design [CED], Cambridge, UK). Signals recorded from all 12 contacts on the microelectrode were sampled simultaneously. Thirty single stimuli (total time 10 s) were obtained for each measurement. To identify MUA, the standard deviation (SD) of the MUA signals was calculated for 500 ms. MUA signals with amplitude greater than 4 times the SD (with an average of 6.60 ± 0.4) was defined as spiking activity. To define stimulus-evoked spiking activity, poststimulus time histogram analysis was performed. Poststimulus time histogram was obtained for MUA in each trial by event correlation analysis of the spiking with the stimulation using 5-ms bins. The SD of neuronal firing rates was calculated for the last 150 ms of the interstimulus interval of each trial. MUA that showed increased (>2 SD) activity in one 5-ms bin during the first 40 ms following the onset of the stimulation were considered to show stimulus-evoked response. LFP waveforms were averaged with respect to the stimulation trigger (90 single stimulations). The mean amplitude of the negative deflection was calculated for each train of stimuli. For group analysis, the amplitudes of the negative deflection were averaged across rats at the same cortical depth. Student's t tests were used to compare between the groups across the layers.
Functional Magnetic Resonance Imaging
Images were acquired on an 11.7 Tesla/16 cm horizontal bore small animal scanner (Bruker, Ettlingen, Germany). A 72-mm quadrature volume coil and a 15-mm diameter surface coil were used to transmit and receive MR signals, respectively. For blood oxygenation level-dependent (BOLD) fMRI, gradient echo, echo planar imaging was used with the following parameters: effective echo time (TE) = 11 ms, repetition time (TR) = 1000 ms, bandwidth = 250 kHz, field of view = 1.92 × 1.92 cm, and matrix size = 128 × 128. Five coronal slices with 1-mm thickness were acquired. T2-weighted RARE (rapid acquisition with relaxation enhancement) sequence was used to acquire highresolution anatomical images with the following parameters: TE = 10 ms, TR = 5000 ms, bandwidth = 250 kHz, field of view = 1.92 × 1.92 cm, and matrix size = 256 × 256. During fMRI measurements, rats were anesthetized with dexmedetomidine in a similar manner that is described in the electrophysiology procedure section. The rat head was secured with ear bars and a bite bar in a water-heated animal cradle. Respiration rate, PO 2 , and heart rate were continuously monitored throughout all measurements (MouseOx, Starr Life Sciences, Oakmont, PA). The stimulation paradigm consisted of 20 scans during forepaw stimulation and 40 scans of rest intervals. The FMRIB Software Library (FSL 4.1.9) software was used for analysis. 30 Activation maps were obtained using the general linear model. Z-score statistics were cluster-size thresholded for effective significance of P < .05. The activation threshold was set at 2.3. To characterize the layer BOLD fMRI activation, the surface of S1 forepaw representation (defined by a brain atlas) was defined by the user based on high-resolution (75 × 75 × 1000 µm) RARE images. The number of activated pixels in each of the automatic selected 3 regions of interest which represented the different layers was calculated.
Statistics
Two-tailed Student's t test was performed between the different conditions and groups. Results and figures show the mean ± standard error of the mean.
Results
Measurements of neuronal responses to noninjured forepaw tactile stimulation in the healthy and the deprived S1 began 60 minutes following the forepaw denervation surgery. The number of evoked MUA responses, reflecting the spiking activity of neurons in the vicinity of the electrode, occurring within 40 ms from the onset of the forepaw stimulation was summed for each layer for every individual rat and averaged across the group. Figure 2 shows the representative and group average of poststimulus time histograms (accumulated number of evoked MUA responses as a function of time after stimulation onset) in the different cortical layers in the healthy and the deprived S1 of denervated and control rats. In control rats (n = 7), significant increases (P < .05) in neuronal responses across the cortical depth of S1 contralateral to forepaw stimulation were observed. As expected, no increases in neuronal responses were recorded in S1 ipsilateral to forepaw stimulation. In denervated rats (n = 7), increases in neuronal responses across the cortical depth of S1 contralateral to noninjured forepaw stimulation (healthy S1) were similar to those of controls. However, significant increases (P < .05) in neuronal responses were observed also in layer V (34.22 ± 9.1; accumulated number of evoked MUA responses) in S1 ipsilateral to noninjured forepaw stimulation (deprived S1).
Local field potential responses, reflecting the averaged synaptic activity in the vicinity of the electrode were measured simultaneously with the MUA. Figure 3 shows the representative and group average LFP responses across the cortical depth in the healthy and the deprived cortex of denervated and control rats. In denervated rats, significant increases (P < .05) in LFP responses were observed in S1 layer V contralateral to noninjured forepaw stimulation (healthy S1) compared with controls. Significant increases in LFP responses were also observed across the cortical depth of S1 ipsilateral to noninjured forepaw stimulation (deprived S1) compared with controls. Thus, the in vivo electrophysiology measurements suggest that peripheral nerve injury immediately affects the function of neurons located in layers V of both the healthy and the deprived S1.
We then sought to determine if such changes in cortical layer activity could be visualized with noninvasive imaging modalities. BOLD fMRI responses were assessed in control (n = 5) and denervated (n = 5) rats in an 11.7 T horizontal animal scanner, permitting high spatial (150 × 150 × 1000 µm) and excellent temporal (1000 ms) resolution. Figure 4 shows BOLD fMRI activation Z-score map (P < .05) of individual control and denervated rats overlaid on highresolution anatomical MRI images (Bregma 1.5 mm according to Paxinos and Watson 29 ) and the corresponding BOLD time course within S1 area. Consistent with the electrophysiology measurements, in denervated rats, S1 ipsilateral to noninjured forepaw stimulation (deprived S1) showed significant increases in hemodynamic responses within 60 minutes following the injury compared with controls, as was determined by the number of active voxels (24.7 1 ± 5.7 in denervated rats; 2.60 ± 0.4 in control rats; P < .05). To characterize the layers' BOLD responses, we defined 3 regions of interest: layers II + III (150-600 µm), layer IV (600-900 µm), and layers V + VI (900-1800 µm) as shown in Figure 5 . The number of activated voxels was calculated for each region of interest. Increases in hemodynamic responses in S1 ipsilateral to noninjured forepaw stimulation (deprived S1) were detected in layer IV (6.14 ± 1.9; number of active voxels, P < .05) but were even more significant in layers V + VI (9.27 ± 1.5; P < .005) compared with controls (1.00 ± 0.4 and 0.20 ± 0.2, respectively). Thus, fMRI is capable of detecting immediate changes in neuronal activities associated with peripheral nerve injury with cortical layer resolution.
Discussion
There has been great interest in exploring the cortical layer architecture in relation to cortical reorganization, especially in the barrel field and visual sensory cortices. 17, 18, [31] [32] [33] [34] However, little is known about the layer-specific changes induced by peripheral nerve injury to the limb and in the mature brain in particular. The MUA, LFP, and fMRI results demonstrate that within 60 minutes following the peripheral nerve injury, the greatest changes in neuronal activity, specifically increases in neuronal responses evoked by forepaw stimulation, are found in layer V of both the deprived and healthy S1.
Increased excitability of layer V pyramidal neurons in the mature brain was also demonstrated in the S1 barrel cortex after sensory deprivation, 34 and in the motor cortex after peripheral facial nerve lesions. 35 We have previously demonstrated that the increased responsiveness of the infragranular layer neurons persists for weeks after the peripheral nerve injury in adult rats. 23, 24 We used single unit recordings and juxtacellular labeling to show that the population of neurons with increased firing rates after the injury are inhibitory interneruons. 23 This suggests that peripheral nerve injury induces long-term increases in inhibitory activity in the infragaranular layer of the deprived S1, which could be maladaptive. The identity of the layer V neurons that increase their responsiveness immediately after the injury is yet to be determined and the transition between short-and long-term plasticity mechanisms associated with limb injuries is not yet well understood. Future intracellular Representative (A) and group (B) averages of poststimulus time histogram of control and denervated rats in response to forepaw stimulation. Accumulated evoked MUA responses from grouped neurons are depicted in the graphs as a function of time after stimulus onset. Sixty minutes following the forepaw denervation procedure, robust and significant increases in MUA were observed in layer V in S1 ipsilateral to noninjured forepaw stimulation (deprived S1, black) compared with controls (gray). electrophysiology recordings may elucidate the exact neuronal mechanisms that play a role in this process.
Changes in the activity of neurons located in layer IV of the deprived S1 accompanied the changes observed in layer V but were less profound. A large percentage of neurons located in layer V send and receive transcallosal input whereas the thalamocortical projections mainly synapse on layer IV neurons. Thus, it appears that both the transcallosal and the thalamocortical projections play a significant role in shifting the balance between excitatory activity (mainly mediated by thalamocortical projections) and inhibitory activity (partially mediated by transcallosal projections) in the deprived S1 immediately following the injury. One potential mechanism may be via the decreased thalamocortical inputs leading to an "unmasking" of transcallosal synaptic inputs, which are typically silent in the healthy brain.
In addition to sending and receiving transcallosal input, neurons located in layer V of S1 send axons to the thalamus, dorsal column, trigeminal nuclei in the medulla, and other regions of the cortex. Thus, changes in firing rates of neurons in layer V induced by the injury have a substantial effect on intracortical, intercortical, and subcortical activity. Directly targeting layer V of S1 plasticity after limb injury by noninvasive brain stimulation techniques, such as transcranial magnetic stimulation and transcranial direct current stimulation, may be an effective rehabilitative approach to maximize the functional outcome. These techniques, applied over the sensorymotor cortex have been shown to be beneficial in treating chronic pain associated with injury. 36, 37 Another means of potentially manipulating layer V activity is through the corpus callosum. Indeed, human 25, [38] [39] [40] [41] and animal studies suggest that the involvement of the interhemispheric connections in cortical plasticity following stroke and amputation may affect the degree of functional recovery of the affected limb. For example, rats that underwent unilateral cortical infracts were trained to use the nonparetic (ipsilateral to the cortical infract) or paretic (contralateral to the cortical infract) forepaw. 42 Training of the nonparetic forepaw worsened subsequent performance of the paretic forepaw. However, transection of the transcallosal pathway improved the performance of the paretic forepaw. We have recently used optogenetics tools to decrease the transcallosal communication in the denervated rats. This led to immediate increase in excitatory neuronal function and fMRI responses in the infragranular layers of the deprived S1. 24 The results suggest layer V as potential target for guided plasticity after limb injury in adults. The rapid changes in the neuronal firing pattern in layer V might be because of Representative (A) and group (B) averages of forepaw stimulus-induced LFP responses beginning 150 µm below the S1 cortical surface with LFP recordings performed at 150 µm increments of control and denervated rats. Sixty minutes following the forepaw denervation procedure, marked changes in LFP activity were observed in S1 contralateral (healthy S1) and ipsilateral (deprived S1) to noninjured forepaw stimulation (mean ± standard error of the mean). fMRI Z-score maps overlaid on T2-weighted anatomical images and time courses of blood oxygenation level-dependent (BOLD) changes in response to forepaw stimulation of controls and denervated rats. Sixty minutes following the forepaw denervation procedure, robust and significant increases in S1 responses contralateral (healthy S1) and ipsilateral (deprived S1) to noninjured forepaw stimulation were observed. The time courses of BOLD signals from S1 were averaged across animals (mean ± standard error of the mean). The orange line indicates the stimulation paradigm. Figure 5 . Layer characteristics of the blood oxygenation level-dependent (BOLD) functional magnetic resonance imaging (fMRI) responses.
Layer characteristics of the BOLD fMRI signals were measured in S1 contralateral and ipsilateral to forepaw stimulation in control (gray) and denervated (black) rats. Three regions of interest (ROIs) representing layers II + III, IV, and V + VI were defined in S1 area as shown in the schematic. The average number of activated pixels was calculated for each ROI. Sixty minutes following the forepaw denervation procedure, significant increases in BOLD responses were observed in layers IV and V + VI in S1 ipsilateral to noninjured forepaw stimulation (deprived S1), with greater activity in layers V + VI (mean ± standard error of the mean). disinhibition and unmasking of existing inputs, and might be followed by changes in neuronal architecture and protein synthesis that maintain the altered sensory processing. Rehabilitative approaches that start immediately after the injury occurred are likely to be useful in downregulating layer V plasticity.
